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ADAMs are membrane-anchored glycoproteins with 
functions in fertilization, heart development, neurogen- 
esis, and protein ectodomain shedding. Here we report 
an evaluation of the catalytic activity of recombinantly 
expressed soluble forms of ADAM 19, a protein that is 
essential for cardiovascular morphogenesis. Proteolytic 
activity of soluble forms of ADAM 19 was first demon- 
strated by their autocatalytic removal of a purification 
tag (Myc-His) and their ability to cleave myelin basic 
protein and the insulin B chain. The metalloprotease 
activity of ADAM19 is sensitive to the hydroxamic acid- 
type metalloprotease inhibitor BB94 (batimastat) but 
not to tissue inhibitors of metallopro teases (TIMPs) 1-3. 
Moreover, AD AMI 9 cleaves peptides corresponding to 
the known cleavage sites of tumor necrosis factor-** 
(TNF— a), TNF-related activation-induced cytokine 
(TRANCE, also referred to as osteoprotegerin ligand), 
and kit ligand-1 (KL-1) in vitro. Although ADAM 19 is not 
required for shedding of TNFa and TRANCE in mouse 
embryonic fibroblasts, its overexpression in COS-7 cells 
results in strongly increased TRANCE shedding. This 
suggests a potential role for ADAM19 in shedding 
TRANCE in cells where both molecules are highly ex- 
pressed, such as in osteoblasts. Interestingly, our results 
also indicate that ADAM19 can function as a negative 
regulator of KL-1 shedding in both COS-7 cells and 
mouse embryonic fibroblasts, instead of acting directly 
on KL-1. The identification of potential in vitro sub- 
strates offers the basis for further functional studies of 
AD AMI 9 in cells and in mice. 



ADAMs 1 are a family or* type I transmembrane glycoproteins 
that contain a disintegrin and metalloprotease (for recent re- 
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views see Refs. 1-3). Since the discovery of the first recognized 
ADAM, the heterodimeric sperm protein fertilin (4-6), the 
ADAM family has been growing rapidly to reach a total of 33 
members identified in a variety of species, including mammals, 
Xenopus laevis, Drosophila melanogaster, and Caenorhabditis 
elegans. There are now 26 recognized ADAM homologues in the 
mouse (for details, see www.gene.ucl.ac.uk/nomenclature/ 
genefamily/metallo.html and www.people.virginia.edu/— jw7g/ 
Table_of_the_ADAMs.html). Although all ADAMs share a com- 
mon domain organization, consisting of a pro-, metalloprotease, 
disintegrin, cysteine-rich, epidermal growth factor-like, trans- 
membrane, and a cytoplasmic domain (see Fig. 1), only 16 of 
the 26 mouse members present a fully conserved metzincin 
consensus catalytic site (HEXGHXXGXXHD (7-10)) and can 
thus be expected to be active metalloproteases. 

Numerous membrane-anchored proteins, including cyto- 
kines, growth factors, receptors, adhesion molecules, and en- 
zymes, have been shown to undergo proteolytic release from 
the plasma membrane (11, 12). This event, which is thought to 
regulate the function of the substrate proteins, is called protein 
ectodomain shedding. Inhibitor studies have revealed that 
most shedding events are mediated by metalloproteases (13). 
ADAMs have been clearly implicated in the shedding of several 
proteins, although some matrix metallopro teinases (MMP) 
may also act as sheddases in specific circumstances (14-16). 
For example, studies of mice lacking functional TACE (TNFa- 
converting enzyme, ADAM 17 (17, 18)) indicate that this prote- 
ase is the major inducible TNFa sheddase in vivo (18). Addi- 
tionally, analyses of cells derived from TACE-deficient animals 
suggest that this ADAM is also responsible for the processing of 
transforming growth factor-a, L-selectin, and p75 TNF recep- 
tor (19), as well as interleukin-1 receptor II (20) and HER4, a 
member of the epidermal growth factor receptor family (21). 
Functional Kuzbanian, the putative ADAM10 orthologue in D. 
melanogaster, is required for proper Notch signaling and is 
thought to trigger the second cleavage of this transmembrane 
receptor protein (22-24). TACE, ADAM 10, and ADAM9 have 
also been proposed as candidates for the role of amyloid pre- 
cursor protein a-secretase (25—28), although hippocampal neu- 
rons cultured from adam9— I — mice seem to process amyloid 
precursor protein as well as those derived from wild type ani- 
mals (29). However, little is currently known about the cata- 
lytic activity of other ADAMs. Furthermore, the enzymes re- 
sponsible for the processing of many proteins that are shed 
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from the plasma membrane remain to be identified. 

ADAM19, also know as meltrin 0 (30), is a widely expressed 
protein, but its mRNA is particularly abundant in bone, heart, 
and lung (31). Mouse ADAM19 cDNA has been isolated from a 
C2C12 muscle cell library, and the encoded protein presents 
the classical domain organization of the members of the ADAM 
family, as well as an intact consensus catalytic site (HEIGHN- 
FGMSHD; Fig. 1). Its closest homologues are ADAM 12 (mel- 
trin a (30)), ADAM13 (32), and ADAM33 (33-35). Human 
ADAM 19 cDNA has also been isolated recently (36), and a 
soluble form of the protein has been recombinantly expressed 
in 293T cells (37). This initial attempt to characterize the 
catalytic activity of ADAM 19 focused on the cleavage of a 2 - 
macroglobulin, a suicide inhibitor that covalently binds to the 
protease and inactivates it after cleavage. Overexpression ex- 
periments in L929 cells also recently suggested that ADAM19 
may participate in the shedding of neuregulin, a member of the 
epidermal growth factor family, and more specifically of its p 
isoforms (38). Finally, interest in the characterization of 
ADAM 19 catalytic activity is further stimulated by the recent 
discovery that this protein is essential for cardiovascular mor- 
phogenesis in mice. 2 

As a first step in the biochemical characterization of 
ADAM 19, we expressed and purified two soluble recombinant 
forms of the mouse enzyme. These proteins are active metallo- 
proteases and were used to identify several in vitro substrates 
among short peptides corresponding to the region surrounding 
the cleavage site of shed proteins. We also present the analysis 
of ADAM 19 sensitivity toward tissue inhibitors of metallopro- 
teinases (TIMPs) and the hydroxamic inhibitor BB94 in vitro, 
and we discuss the implications of our findings for the under- 
standing of the function of this metalloprotease. Finally, using 
cell-based assays, we assessed the potential physiological rele- 
vance of ADAM 19 in shedding candidate substrates (TNF-a, 
TRANCE, and KL-1). 

MATERIALS AND METHODS 

Reagents — Mutagenesis oligonucleotides were obtained from 
GeneLink. The pFastBacl vector, competent DHlOBac cells, Sf9 cells, 
serum-free medium -adapted Hi5 cells, and serum-free insect cell media 
(Sf-900 II SFM and Ultimate Insect serum-free medium) were pur- 
chased from Invitrogen. TIMP-1 and -2 were kindly provided by Dr. 
Gillian Murphy (University of East Anglia, UK), and the His-tagged 
recombinant N-terminal domain of TIMP-3 was a gift from Dr. Hideaki 
Nagase (Kennedy Institute, UK). The kit ligand 1 (KL-1) cDNA was 
provided by Dr. Peter Besmer (Memorial Sloan-Kettering Cancer Cen- 
ter, New York). 

Construction of the ADAM19(EC) and ADAM19CMP) Expression 
Plasmids — All nucleotide numbers refer to mouse ADAM 19 cDNA 
sequence (GenBank™ accession number AF019887 (3D). pcDNA3- 
EK-Fc was originally generated by inserting a sequence encoding an 
enterokinase cleavage site (EK; amino acid sequence DDDDK) at the 
BamHl site of the pcDNA3-Fc vector (39). pFasBacl-EK-Fc was created 
by transferring the sequence encoding the enterokinase site followed by 
the human IgG-Fc domain of pcDNA3-EK-Fc between the BamHl and 
Xbal sites of pFasBacl. pcDNA3/ADAM19(EC)EK-Fc and pFastBacl/ 
ADAM19(EC)EK-Fc were made to express a soluble ADAM 19 extracel- 
lular domain (EC) fused to the Fc portion of the human IgG in mam- 
malian and insect cells, respectively. Specifically, PCR was used to 
generate a fragment corresponding to bases 11-2175 of mouse ADAM 19 
cDNA, bearing Bell sites on both 5' and 3' ends. In a two step-PCR 
procedure, the same fragment carrying the adenine 1075 to cytosine 
and guanine 1076 to adenine mutations was created. These mutations 
lead to the production of inactive protease carrying a glutamate to 
alanine mutation in the catalytic site (E/A mutant). After digestion with 
Bell, the two restriction products were subcloned at the BamHl site of 
pcDNA3-EK-Fc and pFastBacl-EK-Fc. 

In a second step, we generated plasmids to express soluble C-termi- 
nally Myc- and poly-His-tagged wild type and E/A mutant ADAM 19 
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extracellular domains. The Sall-Xbal restriction fragments of pFast- 
Bacl/ADAM19(EC)EK-Fc and pFastBacl/ADAM 1 9(EC E/A )EK-Fc were 
replaced by the corresponding digestion product of pBlSK f -MycHis. 
The latter plasmid carries the sequence encoding a Myc tag followed by 
a hexa-histidine tag (amino acid sequence: EQKLISEEDLHHHHHH) 
subcloned inbetween the BamHl and Xbal restriction sites of pBlue- 
script SK(+) (Stratagene). The resulting constructs were used to ex- 
press the recombinant proteins in insect cells. Finally, pcDNA3/ 
ADAM19(EC)-MycHis and pcDNA3/ADAM19(EC E/A )-MycHis were ob- 
tained by replacing the XcmVXbal restriction fragment of pcDNA3/ 
ADAM19(EC)EK-Fc by those of pFastBacl/ADAM19(EC)-MycHis or 
pFastBacl/ADAM19(EC E/A )-MycHis to allow the expression of the same 
proteins in mammalian cells. 

Constructs to express a soluble ADAM 19 containing only the pro- 
and metalloprotease domains (MP constructs) were generated in two 
steps. A fragment corresponding to nucleotides 8-1312 of ADAM19 
cDNA and carrying a BamHl site on both ends was generated by PCR. 
Both the wild type and mutated (adenine 1075 to cytosine and guanine 
1076 to adenine mutations encoding the inactive mutant) ADAM 19 
sequences were amplified. These fragments were introduced at the 
BamHl site of pBlSK + -MycHis (see above), and the EcoKl-Xbal frag- 
ments of the resulting constructs were subcloned into the corresponding 
restriction sites of pcDNA3 and pFastBacl. All constructs were se- 
quenced to rule out undesired mutations. 

Production of the Anti-ADAM 19(EC EfA )EK-Fc Polyclonal Antibodies— 
pcDNA3/ADAM19(EC E/A )EK-Fc was used to establish CHO lines stably 
expressing and secreting the extracellular domain of the catalytically 
inactive ADAM 19^ fused to the Fc domain of the human IgG. After 
transfection using LipofectAMINE (Invitrogen), positive clones of CHO 
cells were selected in F-12 medium containing 5% fetal bovine serum 
(FBS), 1 unit/ml penicillin, 1 jug/ml streptomycin, and 500 /xg/ml of the 
antibiotic G418 (geneticin; Invitrogen). Expression was monitored by 
Western blot analysis using a rabbit anti-human IgG, Fcy-specific an- 
tibody (Pierce). To produce recombinant ADAM19, stably transfected 
cells were grown for 3 days in serum-free Opti-MEM-I (Invitrogen). 
Conditioned media were collected, and the cell debris were removed by 
filtration through a 0.22-^m filter. The soluble ADAM 19(EC E/A )EK-Fc 
fusion protein was purified by affinity chromatography using a 1-ml 
. Hi-Trap rProtein A column (Amersham Biosciences), as described pre- 
viously (40). Polyclonal antibodies against the recombinant protein 
were raised in New Zealand White rabbits by Covance. 

Expression of Recombinant ADAM 19 Proteins in Mammalian Cells — 
COS-7 cells were grown in Dulbecco's modified Eagle's medium supple- 
mented with 5% FBS, 1 unit/ml penicillin, and 1 /ig/ml streptomycin. 
One day prior to transfection, cells were plated at the density of 1.5 X 
10 6 per well of 6-well plates. Cells were transiently transfected with 2 
itg of P cDNA3/ADAMl9(EC)-MycHis and pcDNA3/ADAM19(EC E/A )- 
MycHis using LipofectAMINE. The expression step was carried out in 
Opti-MEM-I. After 48 h, culture media were collected and incubated 
with 20 /xl of Talon™ resin (Clontech) pre-equilibrated in 50 mM so- 
dium phosphate, pH 7.0, 300 mM NaCl. The MycHis-tagged proteins 
bound to the resin were analyzed by Western blot using the monoclonal 
anti-Myc antibody 9E10 at the 1:1000 final dilution. 

Expression of Recombinant ADAM 19 Proteins in Insect Cells — Re- 
combinant baculoviruses were obtained using the Bac-to-Bac expres- 
sion system as recommended by the manufacturer (Invitrogen). Briefly, 
recombinant bacmids were obtained by transforming DHlOBac 
competent cells with 1 ug of pFastBacl/ADAM19(EC)-MycHis, pFast- 
Bacl/ADAM19(EC E/A )-MycHis, pFastBacl/ADAM19(MP)-MycHis, or 
pFastBacl/ADAM19(MP E/A )-MycHis. Transfecting Sf9 cells with the 
recombinant bacmids led to. the production of a first viral stock of titer 
~5 X 10 7 plaque-forming units/ml, which was subsequently amplified. 
This amplified viral stock was then used to infect Hi5 cells to express 
the recombinant ADAM19s. The expression step was performed in 
Ultimate Insect serum-free medium. After 72 h, conditioned media 
were collected and centrifuged for 2 h at 20,000 x g and 4 e C to pellet 
the virus particles. The supernatants were frozen in a dry ice/ethanol 
bath, kept at -80 °C, and later used in proteolytic assays or as a source 
for ADAM 19 purification. 

Purification of Recombinant ADAM19 Proteins— Supernatants from 
the 20,000 x g centrifugation (see under "Expression of Recombinant 
ADAM19 Proteins in Insect Cells") were incubated with a minimal 
amount (—20 pd) of Talon™ metal affinity resin pre-equilibrated in 50 
mM sodium phosphate, pH 7.0, 300 mM NaCl. The binding step was 
carried out in batch either overnight at 4 °C, or for 30 min at room 
temperature. After pelleting the resin, the unbound protein solution 
was removed, and the beads were packed into a small column. The resin 
was washed with a 20-fold volume of equilibration buffer, and the 
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Myc-His-tagged proteins were eluted with 10 volumes of 50 mM sodium 
acetate, pH 5.0, 300 mM NaCl. The amount of protein in each fraction 
was estimated by SDS-PAGE followed by Gelcode Blue Reagent (Pierce) 
staining. The most concentrated fractions were combined and used 
immediately in proteolytic assays. 

Proteolytic Assays — Self-proteolysis of recombinant ADAM19(EC)- 
MycHis was assayed in conditioned media by incubating 10 fil of the 
supernatant devoid of virus particles (see under "Expression of Recom- 
binant ADAM19 Proteins in Insect Cells") with 10 /xl of 50 mM Tris-HCl, 
pH 7.4 or 8.5, 300 mM NaCl for 16 h at 37 °C. Incubations were 
. performed in the presence or absence of different protease inhibitors, as 
indicated. The amount of proteolysis was estimated by Western blot 
analysis . using the monoclonal anti-Myc antibody 9E10 at the 1:1000 
final dilution: Similar incubations performed with an aliquot of the 
purified wild type enzyme or of the inactive mutant were analyzed by 
either Western blot or SDS-PAGE followed by Gelcode Blue staining. 

Bovine myelin basic protein (MBP; Sigma) was purified by electro- 
elution from 12.5% SDS-poly aery 1 amide gels (40). Degradation assays 
by ADAM19(EC)-MycHis were performed by incubating purified MBP 
with an aliquot of purified enzyme in 50 mM Tris-HCl, pH 8.5, 200 mM 
NaCl for 1-6 h at 37 °C. Protease inhibitors were added as indicated. 
MBP degradation by recombinant TACE was assayed in 50 mM Tris- 
HCl, pH 7.4, 2 mM CaCl 2 . Reaction products were analyzed by SDS- 
PAGE on 10% Bistris NuPage acrylamide gels (Invitrogen). Proteins 
were revealed using the Gelcode Blue Stain reagent. 

The ability of ADAM19 to cleave insulin B chain (Sigma) and dini- 
trophenyl -labeled synthetic peptides corresponding to the 12 amino 
acids surrounding the processing site of selected membrane proteins 
known to be shed (41) was assayed as follows. Potential substrates at 
the final concentration of 100 /iM were incubated in 50 mM Tris-HCl, pH 
8.5, 150 mM NaCl for 6 h at 37 °C with an aliquot of wild type purified 
enzyme in the presence or absence of 1 mM 1,10-phenanthroline or with 
an aliquot of inactive mutant. Reactions were stopped by the addition of 
trifluoroacetic acid, and the cleavage products were subjected to matrix- 
assisted laser desorption ionization reflectron time-of-flight mass spec- 
trometry (MALDI-reTOF MS) using a Bruker Ultraflex TOF/TOF in- 
strument (Bruker Daltonics Inc.); in isolated cases, the sequences of the 
peptides were confirmed by operating the instrument in "LIFT" (laser 
induced fragmentation) mode; the resulting tandem MS/MS spectrum 
was then inspected for the y", b", and a" ion series in order to confirm the 
sequence provided (42). The theoretical protonated monoisotopic 
masses were calculated using PEPTIDEMASS software (43) at 
us.expasy.org/tools/peptide-mass.html. 

Protein N -terminal Sequencing — Purified recombinant ADAM 19 or 
protein mixtures from MBP degradation assays by either ADAM 19 or 
TACE were separated on NuPage 10% Bistris acrylamide gels, trans- 
ferred to a polyvinylidene difluoride membrane, and stained with Coo- 
massie R-250. After destaining with 50% methanol, 10% acetic acid, the 
bands of interest were excised, and the N-terminai amino acids were 
identified by automated Edman degradation using an Applied Biosys- 
tems 494 automated sequenator, as described previously (44). 

Generation of TNF, TRANCE, and KL-1 Expression Plasmids—To 
facilitate the detection of both precursor and shed forms of TNFa, 
TRANCE, and KL-1, all three proteins were expressed as fiision pro- 
teins bearing an alkaline phosphatase (AP) module in their extracellu- 
lar domain. The engineering of pAPtag5-TNFa was described previ- 
ously (45). pFLAG-mTRANCE (46) was used as a template to amplify a 
sequence encoding the FLAG tag followed by the full-length mouse 
TRANCE. An Nhel site was introduced 6 nucleotides upstream of the 
beginning of the coding sequence, and TRANCE stop codon and follow- 
ing nucleotides were mutated to create a Hindlll site. The PCR product, 
digested by Nhel and Htndlll, was subcloned inbetween the corre- 
sponding sites of pAPtag5 vector (Genhunter Corp.). The sequence 
encoding the full-length KL-1 cDNA was subcloned in-frame between 
the Xhol andX&aLsites of pAPtag5. Briefly, nucleotides 273-275 (Gen- 
Bank™ accession number U44725) of KL-1 cDNA were mutated to 
introduce an Xhol site, and nucleotides 1016-1018 around the stop 
codon were changed to create an Xbal restriction site. All final con- 
structs were sequenced to rule out any unwanted mutations. The re- 
sulting fusion proteins are schematized in Fig. 7A. 

Shedding Assays — COS-7 cells seeded in 6-well plates were cotrans- 
fected with either pAPtag5 -TRANCE or pAPtag5-KL-l plasmids to- 
gether with the control vector pcDNA 3 , full-length wild type mouse 
ADAM19 expression plasmid (pcDNA 3 -ADAM19), mouse AD AMI 9 in- 
active mutant expression vector (pcDNA 3 -ADAM19 EyA ), or pcDNA 3 A - 
mTACE (45), as indicated. Transfections were performed in Opti- 
MEM-I for 5 h, and cells were left to recover overnight in Dulbecco's 
modified Eagle's medium supplemented with 5% FBS, 1 unit/ml peni- 



cillin, and 1 /xg/ml streptomycin. Mouse embryonic fibroblasts (MEFs) 
were prepared from 13.5-day-old wild type or ADAM 19 -deficient mouse 
embryos, 2 as described previously (14, 29, 47), and cultured in Dulbec- 
co's modified Eagle's medium supplemented with 10% FBS, 1 unit/ml 
penicillin, and 1 /ig/ml streptomycin for one or two passages prior to 
transfection. Seeded in 6-well plates, MEFs were transiently trans- 
fected with either pAPtag5-TNFa, pAPtag5-TRANCE, or pAPtag5- 
KL-1 using LipofectAMINE 2000 (Invitrogen). After 5 h, cells were 
allowed to recover overnight in complete growth medium. 

The day following transfection, COS-7 cells and MEFs were washed 
once in phosphate-buffered saline and incubated for 1 h in Opti-MEM-I 
and then for 1 h in Opti-MEM-I containing either 25 ng/ml phorbol 
12-myristate 13-acetate (PMA) or 100 /am pervanadate (PV) as de- 
scribed previously (45). Supernatants were collected, and cells were 
lysed in phosphate-buffered saline containing 1% Triton X-100 and a 
mixture of protease inhibitors (2 /xg/ml leupeptin, 10 jig/ml soybean 
trypsin inhibitor, 500 jam iodoacetamide, and 1 mM 1,10-phenanthro- 
line). His-tagged shed forms of TNFa-AP and TRANCE-AP were con- 
centrated from supernatants using Talon™ metal affinity resin. Pro- 
teins were eluted from the resin using 0.5 M imidazole and analyzed by 
8% SDS-PAGE. The AP activity was visualized in-gel using nitro blue 
tetrazolium chloride and 5-bromo-4-chloro-3-indoyl phosphate (NBT/ 
BCIP) as described (45). Shed AP-KL-1 present in culture supernatants 
was either quantified by spectrometry using the AP substrate 4-nitro- 
phenyl phosphate (45) or concentrated using concanavalin A-Sepharose 
(Amersham Biosciences). Proteins were then eluted from the resin 
using 50 mM Tris-HCl, pH 7.4, 0.5 M a-methyl-D-mannoside, and ana- 
lyzed by 8% SDS-PAGE. COS-7 cell lysates were assayed for their 
content in ADAM19 by 8% SDS-PAGE under non-reducing conditions 
followed by Western blot using the anti-ADAM19(EC E/A )EK-Fc poly- 
clonal antibodies at a 1:1000 final dilution. Antigen-antibody complexes 
were revealed using ECL (Amersham Biosciences). 

RESULTS 

Although ADAMs physiologically exist as transmembrane 
proteins, several members of the family have been successfully 
expressed as soluble metallopro teases (17, 40, 41, 48-52). The 
presence of the prodomain generally appeared necessary for 
the proper folding of the recombinant proteins, but the number 
of ADAM protein domains used to express an active protease 
varied from case to case. We therefore engineered two sets of 
constructs to express molecules either corresponding to the 
entire extracellular domain of ADAM19 (ADAM19(EO), or 
composed of the pro- and metallopro tease only (ADAM19(MP)) 
(Fig. LA). Recombinant proteins were C-terminally Myc- and 
His-tagged to facilitate both detection and purification. Addi- 
tionally, inactive mutants bearing a glutamate to alanine sub- 
stitution in their catalytic site (HEIGH > HAIGH) were ex- 
pressed as controls. 

Wild type and mutant ADAM19(EC)-MycHis retrieved from 
the culture media of infected Hi5 cells and transiently trans- 
fected COS : 7 cells is shown in Fig. LB. Both forms were ex- 
pressed at a slightly higher level in insect cells. For example, 
about three times more COS-7 than Hi5 cells were necessary to 
produce comparable amounts of wild type recombinant 
ADAM19 presented in Fig. LB. Also, both. cell types were able 
to process and remove the ADAM 19 prodomain, but again, the 
ratio of mature versus pro-form was higher in insect cells than 
in mammalian cells. These two observations prompted us to 
use baculovirus as the most efficient expression system for 
recombinant ADAM 19. The size discrepancy between the ma- 
ture forms produced by the two cell lines (65 kDa in Hi5 versus 
67 kDa in COS-7 cells for the wild type protein, and 63 kDa in 
Hi5 versus 65 kDa in COS-7 cells for the mutant form) is likely 
to reflect differences in glycosylation, as often observed be- 
tween insect and mammalian cells. However, this did not seem 
to affect recombinant ADAM 19 proteolytic activity (see below). 
In both expression systems, the wild type enzyme also mi- 
grated slightly slower than the corresponding mutant (67 ver- 
sus 65 kDa for the mutant in Hi5 cells). Nevertheless, both wild 
type and mutant ADAM19(EC)-MycHis were secreted, and 
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Fig. 1. A, schematic representation of the domain organization of 
mouse ADAM19 and recombinant ADAMl9(EC)-MycHis and 
ADAM19(MP)-MycHis. SP, signal peptide; pro, metalloprotease do- 
main; cys-rich, cysteine-rich domain; EGF, epidermal growth factor-like 
domain. B, expression of soluble ADAM19(EC)-MycHis in Hi5 and 
COS-7 cells. ADAM19(EC)-MycHis present in the conditioned medium 
from infected Hi5 cells or transiently transfected COS-7 cells was con- 
centrated using metal-affinity Talon™ beads. Proteins were then sep- 
arated by 8% SDS-PAGE, transferred to nitrocellulose, and detected by 
Western blotting using the anti-Myc antibody 9E10. Double the amount 
of material compared with the mutant had to be used to visualize wild 
type (WD ADAM19(EC)-MycHis from COS-7 cells. The molecular 
masses of protein markers are indicated in kDa. 



polyclonal antibodies raised against the extracellular domain 
of the catalytically inactive ADAM 19^ fused to the Fc domain 
of the human IgG recognized wild type ADAM19(EC)-MycHis 
as well as the corresponding mutant (data not shown), arguing 
that the point mutation does not affect folding of recombinant 
ADAM 19. 

We then investigated the stability of recombinant 
ADAM19(EC)-MycHis in conditioned medium from infected 
Hi5 cells at different pH values (Fig. 2). As shown by Western 
blot analysis with an anti-Myc antibody, the C-terminal tags of 
wild type recombinant ADAM 19 are removed upon incubation 
at 37 °C and pH 7.4 (Fig: 2, upper panel). This process is nearly 
completely inhibited by 1,10-phenanthroline, a Zn 2+ chelator 
that functions as a general metalloprotease inhibitor. On the 
other hand, a mixture containing serine and cysteine protease 
inhibitors did not block the removal of the MycHis tag from 
ADAM19(EC)-MycHis. Taken together, these results indicate 
that this proteolysis event is mediated by a metalloprotease. 
Finally, the fact that the catalytic mutant remains intact after 
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Fig. 2. Evidence for autocatalytic processing of recombinant 
ADAM19. 10 jil of conditioned medium from Hi5 cells expressing either 
the wild type ADAM19(EC)-MycHis (left panels) or its mutant inactive 
counterpart (right panels) were incubated with 10 /xl of 50 mM Tris-HCl, 
300 mM NaCl, at either pH 7.4 (upper panels) or pH 8.5 (lower panels). 
Lanes labeled no inc. (no incubation) correspond to control aliquots kept 
at — 20 *C. Incubations were carried out for 16 h at either 4 or 37 °C. In 
the 4th to 6th lanes, inhibitors were added to the reaction mixtures: 
(1,10), 1,10-phenanthroline 1 mM final concentration; PI, inhibitor mix- 
ture containing leupeptin (2 ug/m\ final concentration), soybean trypsin 
inhibitor (10 /Ag/ml), and iodoacetamide (500 /am); and (1,10)+PI, a 
combination of all above inhibitors. Recombinant ADAM19 integrity 
after incubation was assayed by 8% SDS-PAGE and Western blotting 
with the anti-Myc antibody, 9E10. 

identical treatment shows that the removal of the tag in re- 
combinant ADAM 19 is autocatalytic. This provides a potential 
explanation for why, compared with its inactive counterpart, 
wild type ADAM19(EC)-MycHis always appeared to be present 
in lower amounts in the conditioned media of infected Hi5 cells; 

The autodegradation of ADAM 19 appears to be greatly en- 
hanced at pH 8.5, because the loss of the MycHis tag is already 
observed at 4 °C at this pH (Fig. 2, lower panels). Interestingly, 
ADAM19(EC E/A )-MycHis, otherwise very stable, becomes pro- 
tease-sensitive in the presence of 1,10-phenanthroline. This 
observation suggests that the removal of the catalytic zinc 
atom is sufficient to disrupt the stability and structure of 
ADAM 19 rendering it accessible to other proteases present in 
the supernatant. When analyzed under similar conditions, wild 
type recombinant ADAM19(MP)-MycHis also undergoes a met- 
alloprotease-mediated proteolysis with a basic optimum pH 
(data not shown). However, both the mutant and wild type 
proteins are also sensitive to non-metalloprotease activities 
present in the conditioned culture supernatant at both pH 7.4 
and 8.5 (not shown). Considering the higher degree of stability 
of ADAM19(EC), we retained this construct for the further 
evaluation of the catalytic properties of this enzyme. 

The recombinant proteins were then purified by metal affin- 
ity chromatography (see Fig. 3). The integrity of the recombi- 
nant proteases after diverse standard elution conditions was 
assayed by monitoring their ability to autocatalytically remove 
the purification tag after incubation at 37 °C. This property 
was lost after treatment with 0.5 m imidazole or with 3.5 m 
MgCl 2 but was retained when the protease was eluted using 50 
mM sodium acetate, pH 5.0, 300 mM NaCl. The purified wild 
type and mutant 66-kDa protein bands were submitted to 
N-terminal sequencing. In both cases, the N-terminal se- 
quences were identical and corresponded to the amino acids 
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Fig. 3. SDS-PAGE analysis of purified ADAM19(EC)-MycHis 
and ADAM19(MP)-MycHis. Upper panels show Gelcode Blue-stained 
SDS-polyacrylamide gels of purified ADAM19(EC)-MycHis and 
ADAM19(MP)-MycHis, both wild types (WT 7 ) and mutants. The lower 
panel shows the ADAM 19 protein sequence around the furin-like proc- 
essing site, at the junction of the prodomain and the metalloprotease 
domain. Theoretical molecular masses (MM) of the recombinant forms 
of ADAM 19 are also indicated. 

directly following the furin-like cleavage site present at the 
junction of the pro- and metalloprotease domains of mouse 
ADAM 19 (RRMKR; Fig. 3, lower panel (3D). Consequently, 
ADAM19(EC)-MycHis appears properly processed in Hi5 cells, 
presumably by a pro-protein convertase-like activity. Several 
comigrating bands with lower apparent molecular weights 
were also present in both wild type and mutant preparations. 
Attempts to identify these bands by N-terminal microsequenc- 
ing remained unsuccessful. However, comparison of the proteo- 
lytic activity of the wild type recombinant enzyme with that of 
its inactive counterpart effectively rules out the possible inter- 
ference of a contaminating protease in the assays used here. 

The catalytic properties of ADAM 19 were further investi- 
gated after purification. Fig. 4A confirms that recombinant 
ADAM19(EC)-MycHis autocatalytically removes its C-terminal 
tags at basic pH. But ADAM 19 was also able to cleave several 
peptides and proteins, including myelin basic protein (MBP). 
MBP incubation with wild type ADAM19(EC)-MycHis gener- 
ates several discrete MBP-related bands with molecular 
masses ranging from 20 to 3.1 kDa (Fig. AB). This process is 
blocked by 1,10-phenanthroline, and MBP remains intact when 
incubated with the catalytically inactive mutant. 

MBP product bands generated by the wild type endoprotease 
were submitted to N-terminal microsequencing. The amino 
acid-sequence of bovine MBP as well as the position of the five 
ADAM 19 cleavage sites are presented in Fig. AC. Bovine MBP 
can also be cleaved in vitro by a broad variety of proteases, 
including ADAM 1 7/TACE (present work), ADAM28 and 
ADAM 10 (40), and ADAM8 (49). A table comparing the se- 
quences surrounding the cleavage sites by these four ADAMs is 
shown in Fig. AD. Only one cleavage site appears to be common 
to all four metalloproteases. A second cleavage site is recog- 
nized by ADAM19, ADAM28, and ADAM 10 but not by TACE. 
The alignment of the sequences surrounding these two sites 
does not reveal any obvious homology. 

As shown in Fig. AB, wild type ADAM19(EC)-MycHis self- 
degradation also leads to the formation of a main product of 37 
kDa. N-terminal sequencing of this protein band reveals a 
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Fig. 4. ADAM19 proteolytic activity. A, self-pro teoly sis of purified 
recombinant ADAM19(EC)-MycHis analyzed by Western blot using the 
anti-Myc antibody. Lanes labeled no inc. (no incubation) correspond to 
control aliquots kept at —20 °C. Incubations were carried out for 16 h at 
either 4 or 37 °C. Inhibitor concentrations are as in Fig. 2 (1,10) stands 
for 1,10-phenanthroline, and PI indicates protease inhibitor mixture. £, 
MBP degradation assay. MBP was incubated with or without aliquots of 
wild type (wt) or mutated ADAM19(EC)-MycHis for 6 h at 37 °C. 1,10- 
Phenanthroline at a 1 mM final concentration was included in the 5th 
lane. Control lanes showing the band profiles of the enzymes alone after 
incubation (ECwt and EC E/A ) or without incubation (ECwt and EC E/jK 
no inc.) are also presented. Asterisks indicate MBP degradation prod- 
ucts that were N-terminally sequenced. C, amino acid sequence of 
bovine MBP. Arrows point at ADAM19(EC)-MycHis cleavage sites. 
N-terminal sequences of MBP products identified are in boldface. Z>, 
table of MBP cleavage sites used by ADAM19, TACE (ADAM 17), 
ADAM28 (40), and ADAM10 (40). The upper row lists cleavage sites 
common to several or all ADAMs, and the lower row lists cleavage sites 
specific to a particular enzyme. 

sequence identical to that of the mature 65 -kDa enzyme. This 
indicates that the main autocatalytic cleavage must occur C- 
terminal to the metalloprotease domain and thus must leave 
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Fig. 5. ADAM19(EC)-MycHis inhibitor profile. A, MBP was in- 
cubated with an aliquot of purified ADAM19(EC)-MycHis (left panel) or 
50 ng of recombinant TACE (right panel) for 1 h at 37 *C in the absence 
or presence of increasing concentrations of the hydroxamic inhibitor 
BB94 (batimastat). B, effect of TIMP-1, TIMP-2, and His-tagged N- 
TIMP-3 on MBP degradation by ADAM19(EC)-MycHis. 



this domain intact. Whether this N-terminal fragment of the 
protease is still active remains to be determined. However, the 
fact that the C-terminal 28-kDa complementary product cannot 
be detected by Western blot (data not shown) suggests that 
multiple internal cleavages occur in the C-terminal portion of 
ADAM19, i.e. within the disintegrin domain and cysteine-rich 
region. We also note that a band of about 76 kDa, presumably 
related to the pro-form, is decreased in intensity following 
incubation at 37 °C in both wild type and mutant ADAM 19 and 
that this decrease is not inhibited by 1,10-phenanthroline. 
However, because MBP is not cleaved by the catalytically in- 
active ADAM19(EC E/A ) mutant, and because cleavage of MBP 
by wild type ADAM19 is completely blocked by 1,10-phenan- 
throline, this minor contaminant activity does not affect the 
interpretation of our results. 

To characterize further the catalytic activity of ADAM 19, we 
studied its sensitivity to various metalloprotease inhibitors. 
Similarly to other ADAMs characterized to date, ADAM 19 is 
inhibited by the hydroxamic acid-based competitive metallo- 
protease inhibitor BB94, also known as batimastat (Fig. 5A, left 
panel). However, although inhibition of MBP cleavage by 
TACE through BB94 is clearly detectable at 10 nM (Fig. 5A, 
right panel, TACE k t for BB94 is 11 nM (17)), recombinant 
ADAM19 requires higher concentrations of BB94 for inhibition 
(Fig. 5A, left panel). 

TIMPs are increasingly used in cell-based systems to char- 
acterize metallopro teases implicated in shedding events (14, 
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Fig. 6. ADAM19 activity toward insulin B chain. A, MALDI- 
reTOF analysis of insulin B chain fragments produced by ADAM19. 100 
/xM oxidized insulin B chain was incubated for 6 h with an aliquot of 
purified wild type ADAM19(EC)-MycHis in the presence or absence of 1 
mM 1,10-phenanthroline or with an aliquot of inactive mutant. Mass 
spectrometric traces of resulting products are presented. Peaks at 1799 
and 1715 are nonspecific. B, insulin B chain cleavage site by ADAM19. 
C, insulin B chain cleavage sites by several ADAM proteins. TACE, 
ADAM9, and MMP-1 data are from Ref. 41. 

53-56). Therefore, their action on MBP cleavage by recombi- 
nant ADAM 19 was also assayed. No effect of up to 200 nM 
TIMP1, TIMP2, or N-TIMP3 was observed (Fig. 55). At these 
concentrations, TIMPS are known to strongly inhibit matrix 
metalloproteases (49, 57). 

We also investigated the cleavage selectivity of ADAM 19 by 
using the oxidized insulin B chain (Fig. 6, A-C), a peptide 
known to be cleaved by several other ADAMs, and various 
dinitrophenyl-labeled peptides corresponding to the 12 amino 
acids surrounding the membrane-proximal processing site of 
selected shed proteins (KL-1, TRANCE, TNFa, p55, and p75 
TNFa receptors (TNF-R75 and TNF-R55) and interleukin-6 
receptor, see Table I). As shown in Fig. 6, A and B, ADAM 19 
cleaves the insulin B chain at a single site (Ala 14 -Leu 15 ). In- 
terestingly, this site differs from that utilized by TACE, 
ADAM9, and MMP1 (Tyr 16 -Leu 17 ; Fig. 6C (41)). Among the 6. 
peptides that mimic the cleavage site of shed proteins assayed 
here, only three were cleaved by ADAM19 (Table I). KL-1 
peptide was cleaved at the physiological cleavage site (58), and 
TRANCE was processed at one of the cleavage sites used in 



ADAM19 Catalytic Activity 



22337 



Table I 

ADAM 19 proteolytic activity toward synthetic peptides reproducing 
the membrane-proximal cleavage site of proteins known to be shed 

by metalloproteases 
Peptides at the final concentration of 100 /jlm were incubated in 50 mM 
Tris-HCI pH 8.5, 150 mM NaCl for 6 h at 37 °C with an aliquot of wild 
type purified enzyme in the presence or absence of 1 mM 1,10-phenan- 
throline or with an aliquot of inactive mutant. Products were identified 
by MALDI-reTOF mass spectrometry. NC, not cleared. IL-6R, interleu- 
kin-6 receptor. 
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COS-7 and CHO cells (14). However, ADAM 19 cleaved the 
TNF-a peptide (59) at two different sites. Again, no consensus 
or sequence homology between the cleavage sites could 
be identified. 

The ability of ADAM19 to cleave TNFa, TRANCE, and KL-1 
peptides in vitro prompted us to evaluate the potential role of 
ADAM 19 in shedding the corresponding full-length substrate 
proteins in cell-based assays. To increase the sensitivity of 
detection of the precursor and shed forms of the molecules 
studied, we used expression plasmids encoding full-length 
TNFa, TRANCE, and KL-1 fused to an AP module. The plas- 
mids were engineered in a way that the AP module was present 
in the extracellular domain of the membrane proteins and was 
released into the culture medium after shedding. A schematic 
representation of the three fusion proteins is presented in 
Fig. 7A. 

TNFa is considered to be a bona fide ADAM 1 7/TACE sub- 
strate (17, 18). To assess the potential involvement of ADAM19 
in TNFa shedding, we expressed TNFa-AP in primary mEFs 
isolated from either wild type embryos or embryos deficient for 
ADAM19. The amount of TNFa constitutively released over 
1 h, or shed within 1 h after stimulation by either 25 ng/ml 
PMA or 100 fxM PV, was assayed by 8% SDS-PAGE, and the AP 
activity was visualized in the gel using NBT/BCIP. Fig. IB 
shows that both wild type and ADAM19-deficient mEFs were 
able to shed TNFa in a constitutive manner. Additionally, no 
difference between the amounts of shed TNFa after stimula- 
tion by either PMA or PV could be observed between 
adaml9- / — and wild type mEFs. Thus, ADAM19 is not re- 
quired for constitutive, PMA-, or PV-induced TNFa shedding in 
primary fibroblasts. 

The effect of ADAM 19 on TRANCE shedding from the 
plasma membrane was first assayed in COS-7 cells (Fig. 7C). 
COS-7 cells cotransfected with TRANCE-AP expression plas- 
mid and pcDNA3 only released very low amounts of soluble 
TRANCE. Similarly, low levels of constitutive shedding were 
observed in cells expressing TACE or an inactive full-length 
ADAM19 (ADAM^e^). However, coexpression of wild type 
ADAM 19 greatly increased the amount of TRANCE released 
into the supernatant, suggesting that ADAM 19 is able to cleave 
membrane-anchored TRANCE in transfected COS-7 cells. On 
the other hand, no obvious difference could be observed in the 
levels of TRANCE shed by wild type and ADAM19-deficient 
mEFs (data not shown). The levels of constitutive and PMA- 
stimulated shedding were very low in both cell types, and no 
difference in the PV stimulated shedding of TRANCE was 
observed in the absence of ADAM 19, consistent with results 
reported previously (14). 

Finally, we investigated the importance of ADAM 19 in KL-1 
shedding (Fig. ID). COS-7 cells transfected with the AP-KL-1 



expression vector together with pcDNA 3 or the mutant 
ADAM19E/A expression plasmid both released increased 
amounts of KL-1 after stimulation by either PMA or PV (Fig. 
ID, upper panel). Interestingly, the expression of full-length 
wild type ADAM 19 in COS-7 cells strongly reduced the stimu- 
lated release of KL-1. A Western blot analysis shows that both 
the wild type protease and the mutant were expressed (Fig. 7D, 
lower left panel). The fact that the inactive mutant of ADAM 19 
has very little, if any, effect on stimulated shedding of AP-KL-1 
demonstrates that the catalytic activity of ADAM 19 is respon- 
sible for the reduction in KL-1 shedding. Spectrometric quan- 
tification of soluble AP-KL-1 present in the conditioned me- 
dium of transfected COS-7 cells revealed that the shedding 
response to PMA or PV in the presence of wild type ADAM 19 is 
only 15-26% that of the control transfection (pCDNA 3 ). Con- 
sistent with these observations, ADAM19-deficient mEFs show 
an increased response to PMA and PV compared with wild type 
mEFs (Fig. 7D, lower right panel). Quantitative data from 
three independent experiments show a 1.2-1.7-fold higher 
PMA response in adaml9- 1 - cells compared with control 
cells and a 1.5-1.8-fold higher PV response. 

DISCUSSION 

Here we present the first biochemical characterization of 
mouse ADAM19, a metalloprotease-disintegrin protein with an 
essential role in cardiovascular morphogenesis. 2 The first evi- 
dence for catalytic activity of the recombinant protein com- 
posed of the soluble ectodomain of ADAM19 was provided by 
the autocatalytic proteolysis within its disintegrin or cysteine- 
rich domain. This processing was unexpected, because full- 
length ADAMs usually do not undergo autocatalytic processing 
in these domains in intact cells. However, autoproteolysis of 
ADAM 12 (60) and ADAM 13 (61) has been observed after cells' 
are lysed in non-ionic detergents in the absence of a metallo- 
protease inhibitor such as 1,10-phenanthroline. This suggests 
that anchorage of an ADAM to the plasma membrane somehow 
prevents autodegradation, and might thus be important for the 
stability of these metalloproteases in cells. It remains to be 
determined whether this interaction with the plasma mem- 
brane also has a role in regulating the catalytic activity of 
ADAM 19 toward other substrates in cells in addition to pre- 
venting autocatalysis. 

This study reports the first identification of peptide sub- 
strates that are turned over by ADAM 19 in vitro, as well as of 
their cleavage sites. Among those peptides, several are also 
cleaved by other members of the ADAM family. Myelin basic 
protein, for example, is cut in vitro by ADAM8 (49), ADAM10 
(40), TACE/ and ADAM28 (40), and the oxidized insulin B 
chain is proteolyzed by TACE and ADAM9, as well as by 
MMP-1 (41). Interestingly, although some peptide bonds are 
recognized by more than one enzyme, the comparison of the 
amino acid sequences surrounding the cleavage sites fails to 
highlight any particular consensus or homology neither for 
ADAM 19 substrates nor for those of other ADAMs. Together 
with the fact that most of the cleavage sites of shed proteins are 
localized in the membrane-proximal region, this suggests that 
secondary structure of the substrate may play an important 
role in the recognition by these enzymes. However, as different 
ADAMs often cleave at adjacent sites in the same peptide, it is 
likely that these proteases nevertheless have distinct cleavage 
selectivity. 

The ability to monitor the catalytic activity of ADAM 19 in 
vitro allowed us to demonstrate that, like all ADAMs charac- 
terized to date, ADAM19 is sensitive to both 1,10-phenanthro- 
line and the hydroxamate-based competitive inhibitor, bati- 
mastat (BB94). However, when assayed in parallel with the 
same substrate (MBP), ADAM 19 was less sensitive to BB94 
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FlG. 7. Effect of ADAM19 on TNFa, TRANCE, and KL-1 shed- 
ding in transfected COS-7 cells and mEFs isolated from wild 
type and adam29—f— mice. A, schematic representation of the AP 
fusion proteins used in this study. B, TNFcr-AP shedding. Primary 
mEFs isolated from wild type or adaml9- 1 - embryos were transfected 
with a TNFa-AP expression vector (45). Soluble TNFa-AP accumulated 
in the medium during 1 h in unstimulated cells or in cells treated with 
either PMA or PV was analyzed by 8% SDS-PAGE. The AP activity was 
visualized by incubating the gel in NBT/BCIP as described (45). C, 
TRANCE-AP shedding. COS-7 cells were transfected with TRANCE-AP 
expression plasmid together with pcDNA 3 , pcDNA 31 -mTACE, 
pcDNA 3 -ADAM19, or pcDNAa-ADAMl^A. Media were collected after 
1 h of incubation and analyzed as described in B. D, AP-KL-1 shedding. 
Conditioned media from transfected COS-7 cells and wild type or 
adaml9- / - mEFs were analyzed as in B. Cell lysates from COS-7 cells 
were examined for expression of wild type or mutant ADAM 19 by 8% 
SDS-PAGE under non-reducing conditions followed by Western blot 
using the anti-ADAM19(EC E/A )EK-FC polyclonal antibody. 



than TACE (Fig. 5A). TIMPs have become widely used to study 
shedding processes in cell-based systems, and ADAMs show 
variable sensitivities to these biological inhibitors. For exam- 
ple, TACE activity is blocked by TIMP-3, but not by TIMP-1, -2, 
or -4 (62), whereas ADAM10 is sensitive to both TIMP-1 and -3 
(50). ADAM9 is insensitive to TIMP-1, -2, and -3 (49), ADAM28 
to TIMP-1 and -2 (40), and ADAM8 to all four TIMPs (49). 
ADAM-12, the closest homologue of ADAM19, is sensitive to 
TIMP-3 but not to TIMP-1 and -2 (63). Thus, ADAM 19 belongs 
to a small group of metalloproteases that are not inhibited by 
TIMPs 1-3. TIMPs are therefore likely to be valuable tools to 
assist in narrowing down the list of candidate sheddases for 
any given substrate. 

This study also shows that ADAM 19 is most active at basic 
pH. This basic pH optimum is similar to that of several other 
metalloproteases, including ADAM12 (63), as well as members 
of more distant metalloprotease families such as iV-arginine 
dibasic convertase (64) or meprin A (65, 66). When overex- 
pressed in COS-1 cells, ADAM 19 colocalizes with furin, which 
is likely responsible for its activation (67) in the trans-Golgi 
network (TGN). Enzymes that function mainly in this cell 
compartment, such as furin, are known to have a slightly acidic 
optimum pH (~pH 6) (68), which is close to that of the TGN (pH 
6.2) (69). Even though it remains to be determined where, in 
the cell, ADAM 19 actually acts, one possibility is that it cycles 
between the TGN and the plasma membrane. In this case, the 
basic pH optimum of ADAM 19 may provide a mechanism to 
keep the mature enzyme inactive until it reaches the cell 
surface. 

In order to determine whether the cleavage site preferences 
of ADAM19 in vitro could help identify candidate substrates of 
ADAM 19 in vivo, we incubated ADAM 19 with peptides corre- 
sponding to the cleavage sites of several proteins that undergo 
ectodomain shedding (Table I). This approach uncovered three 
potential ADAM 19 substrates, TNFa, TRANCE, and KL-1. The 
TNFa peptide, which both TACE and ADAM10 cleave at the 
physiological site Ala 6 -Val 7 (17, 18, 51), is cut twice by 
ADAM 19, inbetween Arg 8 -Ser 9 and Ser 9 -Ser 10 . The TNFa 
convertase (TACE/ADAM17) is already clearly established as 
the major physiologically relevant stimulated sheddase of 
TNFa (17, 18). The fact that ADAM19(EC)-MycHis cleavage 
of TNFa peptide did not generate the physiological N terminus 
of soluble TNF argues against an important role of ADAM 19 in 
the shedding of this growth factor. This was confirmed by 
investigating the release of the TNFa ectodomain fused to a 
reporter enzyme (AP) by mEFs derived from wild type and 
ADAM19-deficient mouse embryos. As presented in Fig. 7B f no 
difference could be observed between the two cell types. Nev- 
ertheless, this finding does not exclude the possibility that 
ADAM 19 could contribute to TNFa release in situations where 
ADAM19 is overexpressed or misregulated. 

TRANCE is a TNF family member involved in osteoclasto- 
genesis and dendritic cell survival (70-75). A peptide corre- 
sponding to the TRANCE membrane-proximal region is pro- 
cessed by recombinant ADAM 19 in vitro at a constitutive 
cleavage site that is used in both COS-7 and CHO cells in vivo 
(14). This site is also cleaved by ADAM 17/TACE in vitro (76). 
However, when full-length wild type ADAM 17 or ADAM 19 was 
cotransfected with TRANCE in COS-7 cells, we observed a 
considerable increase in constitutive shedding of TRANCE in 
the presence of ADAM19 but not ADAM17. Furthermore, no 
increase in TRANCE shedding was seen when proteolytically 
inactive ADAM 19 (ADAM 19^) was coexpressed. This demon- 
strates that the catalytic activity of ADAM19 is necessary for 
increased TRANCE shedding in COS-7 cells. Although 
ADAM 19 is not required for constitutive or activated TRANCE 
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shedding in mEF cells (14), these results still suggest that 
ADAM 19 could function as a constitutive TRANCE sheddase in 
cells where it is highly expressed, such as in osteoblasts (31). 
Further studies will be necessary to address this possibility. 

Finally, KL-1, a ligand for the kit receptor tyrosine kinase, 
also emerged as a candidate ADAM 19 substrate because the 
KL-1 peptide was cleaved by ADAM19 in vitro at the site that 
is presumably used in vivo (58). KL-1 and KL-2 derive from 
splice variants of a common mRNA, and both are expressed in 
a tissue-specific manner (77). KL-1 is efficiently processed and 
released as a soluble growth factor, whereas KL-2 is less effi- 
ciently cleaved and is therefore mainly found as a transmem- 
brane protein. Recently, MMP-9 has been shown to play a 
significant role in the release of soluble KL (78). However, the 
fact that soluble KL was still produced in MMP-9-deficient 
mice, although at lower levels compared with control animals, 
implies that one or several other proteases are able to process 
KL. Unexpectedly, we found that overexpression of wild type 
ADAM 19 in COS-7 cells strongly reduced stimulated shedding 
of KL-1, whereas overexpression of the catalytically inactive 
mutant did not. Furthermore, we observed enhanced shedding 
of KL-1 in adaml9- / - mEFs compared with wild type con- 
trols. This suggests that ADAM 19 serves as a negative regula- 
tor of KL-1 shedding. Different possible mechanisms include an 
inactivation of the KL-1 sheddase by ADAM19 or activation of 
an inhibitor of KL-1 shedding. Further studies will be neces- 
sary to distinguish between these and other possibilities. 

In summary, we report here the first biochemical character- 
ization of mouse ADAM 19. We have identified several in vitro 
substrates of the metalloprotease and determined its sensitiv- 
ity toward inhibitors commonly used to study protein ectodo- 
main shedding. Furthermore, we have shown that ADAM 19 
affects TRANCE and KL-1 shedding in cell-based systems, 
raising the possibility that ADAM 19 has a role in regulating 
the function of these molecules in vivo. Taken together, the 
evaluation of the cleavage specificity and inhibitor profile of 
ADAM 19 provides the basis for further studies of its physio- 
logical functions. 
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